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S
teroidogenic acute regulatory protein (StAR) is a mitochondrial phosphoprotein that transports cholesterol into the mitochondria during the first step of steroidogenesis (1) . Pathogenic mutations of STAR were identified in individuals with lipoid congenital adrenal hyperplasia (LCAH) (2) , which is characterized by impairment of steroidogenesis in the adrenal cortex and the gonad (3). Because it is well known that ovarian function declines gradually with cytoplasmic lipid accumulation after puberty, a two-hit hypothesis has been proposed to describe the pathophysiology of LCAH: loss of StARdependent steroidogenesis is due to StAR deficiency (the first hit), followed by loss of StAR-independent steroidogenesis due to accumulation of cholesterol (the second hit) (3).
It was difficult to verify the hypothesis in the adrenal cortex in in vivo experiments using the mouse model established by Caron et al. (4) because adrenocortical cytoplasmic lipid accumulation was already prominent at birth (5) (6) (7) . On the other hand, we previously demonstrated that that the steroidogenic capacity of the gonadal steroidogenic cells declined as cytoplasmic lipid accumulation progressed (5-7). We also revealed an essential role of pituitary gonadotropin in the gonadal cytoplasmic lipid accumulation of Star knockout (KO) mice (6) .
To verify the hypothesis in the adrenal cortex in vivo, we generated time-dependent conditional Star KO mice and sequentially assessed the adrenal cortex of the mice by histological, endocrinological, and molecular analyses. Furthermore, we investigated whether ACTH hypersecretion accelerated the cytoplasmic lipid accumulation in the adrenal cortex of these mice.
Materials and Methods

Experimental animals
All animal studies were approved by the Laboratory Animal Center at Keio University School of Medicine (Tokyo, Japan). The animals were maintained at the Animal Center on a 12-hour light (8:00 to 20:00), 12-hour dark (20:00 to 08:00) cycle.
Generation of Star floxed mice
The carboxy-terminal StAR-related lipid-transfer domain has an indispensable role in steroidogenesis (1). p.Q258*, which loses 27 amino acids in the carboxy-terminus of STAR, is frequently identified in Korean or Japanese patients with classic LCAH who show substantial decrease in steroidogenic capacity (3) . In vitro analyses using COS-1 cells determined p.Q258* as a functionally null mutation (3) . Based on these findings, we generated time-specific Star KO mice lacking the entire coding region of exon 7, including 38 amino acids in the carboxy-terminus, which were expected to completely lose StAR-dependent steroidogenic capacity. We designed a homologous recombination vector in which the coding region of Star exon 7 was flanked by two LoxP sequences (Star floxed) (Fig. 1) . We additionally incorporated a neomycin resistance gene into the vector. After electroporation of the vector into embryonic stem (ES) cells, selective culture was performed to isolate 176 ES cell clones, which were drug resistant. We confirmed that 8 of the 176 clones were homologous recombined by PCR and Southern blot hybridization. We generated germline chimeric Star floxed mice (Star 
Generation of tamoxifen-inducible Star KO mice
We purchased B6.Cg-Tg (CAG-cre/Esr1) 5Amc/J mice (Jackson Laboratory, ME) in which Cre recombinase is translocated into the nucleus by tamoxifen (TAM) induction.
We mated Star flox E7/flox E7 mice with B6.Cg-Tg (CAG-cre/Esr1) mice and generated Star flox E7/flox E7 ; B6.Cg-Tg (CAG-cre/Esr1) mice, which were expected to lose Star function after TAM induction. We refer to these mice as TAM-inducible Star KO mice. PCR analyses of genomic DNA were used for genotyping; primer sets included Star floxed primer (forward: 5ʹ-TAG-GTGCTCATGTGTGACAGCAAG-3ʹ; reverse: 5ʹ-TGCAAGCT-TCCACACTGGCAG-3ʹ) and CAG-cre/Esr1 transgene primer (forward: 5ʹ-GCGGTCTGGCAGTAAAAACTATC-3ʹ; reverse: 5ʹ-GTGAAACAGCATTGCTGTCACTT-3ʹ).
TAM induction protocol and general study protocol
Our preliminary data showed that the effect of TAM increased dose-dependently and that the toxicity of TAM increased similarly. Additionally, there was significant sex difference in the toxicity of TAM. In fact, 80% of TAM-inducible Star KO male mice died within a week of being injected with TAM 100 mg/kg/d for five consecutive days. In contrast, only 20% of TAM-inducible Star KO female mice died when the same dose of TAM was injected. Based on these results, we injected 100 mg/kg body weight TAM (SigmaAldrich, St. Louis, MO) into 8-week-old TAM-inducible Star KO female mice (IP) once every 24 hours for five consecutive days and 75 mg/kg body weight TAM three times every other day to male mice of the same age. We also measured body weights of the mice four times a week during the experiments.
Hormone measurements
Mice were anesthetized with medetomidine hydrochloride, midazolam, and butorphanol tartrate (8) . We collected blood by cardiac puncture between 19:00 and 20:00. Plasma ACTH levels were determined with an Extraction Free EIA Kit (Phoenix Pharmaceuticals Inc., Dayton, OH), and serum corticosterone (CS) concentrations were determined by liquid chromatography/ mass spectrometry before (n = 5 females, n = 5 males), 24 hours after (n = 5 females, n = 5 males), and 8 weeks after TAM injections (n = 5 females, n = 5 males). For the measurement of CS in samples, an API-4000 triple-stage quadrupole mass spectrometer (AB Sciex, Framingham, MA) connected to an LC-30AD, RACKCHANGERII (Shimadzu, Kyoto, Japan) electrospray ionization ion source device was used. The column was a Kinetex C18 (150 mm 3 2.1 mm, 1.7 mm; Phenomenex, Torrance, CA) and was used at 50°C.
Histological analyses
Adrenal glands were harvested from the anesthetized mice. We analyzed the adrenal cortices by Star in situ hybridization (ISH), hematoxylin-eosin (HE) staining, and oil red O staining before (n = 5 females, n = 5 males), 24 hours after (n = 5 females, n = 5 males), and 8 weeks after TAM injections (n = 5 females, n = 5 males). Star ISH probes were designed based on the coding region of Star exon 7. Apoptotic cell death was assessed by TUNEL staining in the adrenal cortices before (n = 2 females) and 8 weeks after TAM injections (n = 2 females).
RNA sequence analyses
Preparation of mRNA libraries
We isolated mRNA from the adrenal glands of the TAMinducible Star KO mice before (n = 5 females), 24 hours after (n = 4 females), and 8 weeks after TAM injections (n = 4 females). We synthesized double-stranded cDNA using RNA fragment as a template and obtained sequence libraries by PCR amplification of the cDNA. We assessed the quality of the prepared sequence libraries using an 2100 Bio Analyzer (Agilent, Santa Clara, CA) and performed RNA sequencing using a HiSeq 2500 (Illumina Inc., San Diego, CA).
Data analyses
We analyzed RNA sequencing data using Genedata Profiler Genome software (Genedata, Basel, Switzerland) and calculated the expression level for each transcript in fragments per kilobase million. We used the genomic sequence and genetic information of the mouse (GRCm38/mm10) on the UCSC genome browser for the analyses. Additionally, we determined the expression levels of different Star transcripts separately with and without Cre/LoxP recombination in the Star exon 7. We compared the expression levels of genes of interest between TAM-inducible Star KO mice before (n = 5 females) and 8 weeks after TAM injections (n = 4 females) and defined a significant change in expression as a fold change .2 or ,0.5, a P value using a Student t test ,0.05, and a false discovery rate (Q value) of Benjamin and Hochberg (9) ,0.05.
Adrenal transplantation
To assess whether the cytoplasmic lipid accumulation in adrenocortical cells depends on ACTH hypersecretion, we performed rescue transplantation of wild-type adrenal glands for TAM-inducible Star KO mice. We excised the adrenal glands from the sedated wild-type sibling. After fragmenting the adrenal glands, we soaked them in PBS containing murine fibroblast growth factor-2 (Wako Pure Chemical Industries, Osaka, Japan) (10) . We sedated the TAM-inducible Star KO mice at 3 weeks of age with general anesthesia as previously described. We transplanted the fragmented wild-type adrenal glands under the renal capsule of the TAM-inducible Star KO mice (11) . We compared the histology of the autologous adrenal cortex between the following two groups: TAM-induced Star KO mice at 8 weeks after TAM injections (group without rescue transplantation; n = 5 females) and TAM-induced Star KO mice with rescue-transplantation of wild-type adrenal glands at 8 weeks after TAM injections (group with rescue transplantation; n = 3 females).
Results
Body weight change after the TAM protocol
All the wild-type mice survived the TAM protocol but showed transient weight loss of ;5%. In contrast, ;20% of time-dependent conditional Star KO mice died within a week after the last TAM injection. The remaining 80% survived with chronic persistent weight loss of ;20% after the TAM protocol.
Endocrinological evaluation
To evaluate the adrenal cortices of the mice endocrinologically, we measured the circulating levels of ACTH and CS among the three groups of mice (before, 24 hours after, and 8 weeks after TAM injections) ( Table 1) . Plasma ACTH levels significantly increased at 24 hours after TAM injections compared with those before and further increased significantly at 8 weeks after TAM injections compared with those at 24 hours after. Serum CS levels of the mice at 24 hours after TAM injections were significantly lower than those before Star ablation and further decreased significantly at 8 weeks after TAM injections compared with those at 24 hours after. There were no significant sex differences in the endocrinological evaluation.
ISH of wild-type Star mRNA
The ISH probes were designed based on the coding region of Star exon 7. The recombined Star allele, lacking the coding region of exon 7, could not be detected by this Star ISH. Star ISH of the adrenal cortex in TAMinducible Star KO mice showed that the adrenocortical cells were diffusely stained before Star ablation (Fig. 2a) but were hardly stained at 24 hours after (Fig. 2b ) and 8 weeks after TAM injections (Fig. 2c ). There were no sex differences in the ISH results.
HE and Oil red O staining
HE staining demonstrated that TAM-inducible Star KO mice preserved adrenocortical zonation ( Fig. 3a and  3b ), but the zonation of glomerulosa and fasciculata/ reticularis cells became disorganized and the boundary at the corticomedullary junction became obscure at 8 weeks after TAM injections (Fig. 3c) . Oil red O staining showed that cytoplasmic lipid accumulation in the adrenal cortex was negligible before Star ablation (Fig. 3d) , was scattered at 24 hours after TAM injections (Fig. 3e) , and was very prominent at 8 weeks after TAM injections (Fig. 3f) . There were no sex differences in the degree of cytoplasmic lipid accumulation.
RNA sequence analyses
Total expression levels of wild-type Star and recombined Star in TAM-induced Star KO mice decreased by 90% at 24 hours after TAM injections, compared with those before TAM injections. The proportion of the recombined Star in the total Star was 90% at 24 hours after and decreased to 44% at 8 weeks after TAM injections (Fig. 4) .
We performed transcriptome analyses of the adrenal glands of the mice before and 8 weeks after TAM injections. All original data were submitted to a public database (National Center for Biotechnology Information's Gene Expression Omnibus, http://www.ncbi.nlm.nih.gov/ geo) and are accessible through Gene Expression Omnibus series accession number GSE123300 and GSM3499514-3499526. We detected 2338 or 1170 genes, the expression level of which significantly increased or decreased, respectively, between before and 8 weeks after TAM injections. The expression levels of genes related to steroid hormone biosynthesis, including Nr5a1, Star, Cyp21a1, Cyp11a1, Cyp11b1, Fdx1, Fdxr, Hsd3b1, and Agtr1a, significantly decreased at 8 weeks after TAM injections compared with those before TAM injections (12) (Fig. 5) . The expression levels of genes related to cholesterol metabolism and efflux or cholesterol biosynthesis and influx, such as Abcg1, Ch25h, Nr1h3, Npc2, and Acat2, significantly increased, whereas those of Dhcr24, Scarb1, and Lipe significantly decreased at 8 weeks after TAM injections compared with those before TAM injections (12, 13) (Fig. 6 ). The expression levels of genes related to mitochondrial function were extremely low in this experiment; therefore, we could not detect any significant changes in the expression of those genes between the mice before and 8 weeks after TAM injections.
Transplantation of wild-type adrenal gland into TAM-induced Star KO mouse
We performed rescue transplantation of the adrenal gland of wild-type mouse for TAM-inducible Star KO pups at 3 weeks of age. These mice did not show failure to thrive after transplantation surgery (data not shown). To assess the role of ACTH hypersecretion in lipid accumulation in the adrenocortical cells, we compared the histological findings of the adrenal glands between groups without and with rescue transplantation. Plasma ACTH and serum CS levels in the group with rescue transplantation were not significantly different from those of TAM-inducible Star KO mice before Star ablation (data not shown). Whereas adrenocortical zonation was completely disorganized in the group without rescue transplantation (Fig. 7a) , the zonation was preserved in the group with rescue transplantation (Fig. 7b) . Cytoplasmic lipid accumulation was very prominent in the group without rescue transplantation (Fig. 7c) . In contrast, the accumulation remained mild in the group with rescue transplantation (Fig. 7d) . The transplanted adrenal gland had a layer structure (Fig. 8a ) similar to the zona fasciculata/reticularis of wild-type mice. Furthermore, we confirmed that the transplanted adrenal gland was positive for SF1 immunostaining (Fig. 8c) and Star ISH (Fig. 8d) even after TAM injections.
Discussion
TAM induction almost completely ablated Star exon 7 and disrupted the function of Star in the adrenal cortex of Star floxed mice. RNA sequence analyses revealed that the expression level of wild-type Star remained detectable even after TAM injections but decreased to ,1% of that before Star ablation. In addition, the histological and endocrinological findings in TAM-induced Star KO mice were consistent with those of our previous study using conventional Star KO mice (5-7). Thus, the TAMinducible Star KO mice that we created in this study are a useful model in which TAM induction completely ablates functional Star protein and improves understanding of the pathophysiology of Star deficiency. TAM-inducible Star KO mice at 24 hours after TAM injections allow us to investigate the condition caused by the first hit with minimal effect of the second hit. The adrenal cortex of the mice at 24 hours after TAM injections showed only scattered lipid accumulation and preserved adrenocortical zonation. The serum CS levels of mice at 24 hours after TAM injections were significantly reduced to 20% of the CS level observed before Star ablation, suggesting a large contribution of the StAR-dependent pathway in adrenocortical steroidogenesis. Consistent with our findings, the function of a mutant Star with a nonsense mutation in exon 7 (p. Q258*) was 16 6 4% of the wild-type according to the previous in vitro analysis by Bose et al. (3) . Taken together, our results show that the adrenal cortex of the TAM-inducible Star KO mice at 24 hours after TAM injections can be used as the model after the first hit of the two-hit hypothesis of LCAH.
Histological and endocrinological findings in TAMinduced Star KO mice sequentially deteriorated after Star ablation. The adrenal cortex of TAM-induced Star KO mice showed preserved zonation and little lipid accumulation in cytosol at 24 hours after TAM injections but showed completely disorganized zonation and prominent lipid accumulation at 8 weeks after TAM injections. Endocrinological evaluation showed that plasma ACTH increased 2 to 3 times and that serum CS significantly decreased to 30% to 40% at 8 weeks after TAM injections as compared with that at 24 hours after injections. In other words, we successfully verified the secondary decrease of steroidogenic capacity in the adrenal cortex using TAM-inducible Star KO mice in this experiment, which we could not have done using conventional Star KO mice (5-7). We visualized sequential deterioration in zonation, cytoplasmic lipid accumulation, and steroidogenic capacity in the adrenal cortex after TAM injections. The adrenal cortex of the mice at 8 weeks after TAM injections corresponded to the model after the second hit of the two-hit hypothesis.
The decrease in gene expression related to steroid hormone biosynthesis (12) in the adrenal glands from before to 8 weeks after TAM injections (Fig. 5) was parallel with the progression of adrenocortical cytoplasmic lipid accumulation. The decreased gene expression could be due to the decline in the function of steroidogenic cells rather than the decline in the number of cells. TUNEL staining of the adrenal cortex indicated that there was no apoptosis even at 8 weeks after TAM injections (data not shown). The gene expression related to necroptosis (14, 15) also did not significantly change between before and 8 weeks after TAM injections (data not shown). In addition, the expression levels of several genes related to cholesterol efflux and metabolism or influx and biosynthesis (12, 13) was significantly increased at 8 weeks after TAM injections (Fig. 6) , suggesting responses of the adrenocortical cells to avoid further accumulation of intracellular free cholesterol rather than consequences of damage close to cell death. Nr5a1 (Sf-1/Ad4bp) is an indispensable transcription factor for steroid hormone biosynthesis (16) and was significantly decreased at 8 weeks after TAM injections. The decreased expression of Nr5a1 must be one of the reasons for the deterioration of the steroidogenic capacity, although the pathophysiology of the decrease of Nr5a1expression itself is still unknown. The decreased expression of genes related to steroid hormone biosynthesis was probably a key feature of the second hit of the two-hit hypothesis (i.e., loss of Star-independent steroidogenesis).
Adrenocortical cytoplasmic lipid accumulation probably depends on ACTH hypersecretion. Considering the normal ACTH and CS levels of TAM-induced Star KO mice in the group with rescue transplantation, the transplanted wild-type adrenal cortex must have secreted physiological steroids upon ACTH stimulation. The mice showed mild cytoplasmic lipid accumulation and maintenance of the zonation, whereas TAM-induced mice in the group without rescue transplantation showed very prominent cytoplasmic lipid accumulation and complete disorganization of the zonation. Our previous study demonstrated that gonadotropin and Star double-KO mice did not exhibit cytoplasmic lipid accumulation in the gonads. The results implied that the gonadal cytoplasmic lipid accumulation depended on gonadotropin hypersecretion (6) . Given the results of the previous study and this study, the tropic hormone stimulation probably accelerated the cytoplasmic lipid accumulation and the disorganization of the zonation.
Because of the nature of TAM-inducible KO, we knocked out Star only in the adult cortex and not in the fetal cortex. Our study could not precisely mimic the time course of LCAH. We believe that the TAM-induced Star KO mice were useful for the analyses because the adrenal phenotypes of the mice were very similar to those of the conventional Star KO mice observed up to adulthood under steroid supplementation (5-7).
The two-hit hypothesis has been used especially in the field of tumor genetics; it means that a disease is caused by two independent pathogenic gene mutations (17, 18) . However, the two-hit hypothesis in LCAH proposed by Bose et al. (3) means that the pathophysiology is completed through a two-step mechanism. It may be more appropriate to describe this as a two-step hypothesis rather than as a two-hit hypothesis.
In summary, we visualized the two-hit hypothesis in the adrenal cortex histologically and endocrinologically. The decrease of gene expression related to steroid hormone biosynthesis paralleled the histological and endocrinological change, suggesting a possible key feature of the pathophysiology of the second hit. Additionally, our data suggest that adrenocortical cytoplasmic lipid accumulation and disorganization of the zonation strongly depend on ACTH stimulation.
